Abstract In Tokomak, the support of the ELM coil, which is close to the plasma and subject to high radiation level, high temperature and high magnetic field, is used to transport and bear the thermal load due to thermal expansion and the alternating electromagnetic force generated by high magnetic field and AC current in the coil. According to the feature of ITER ELM coil, the mechanical performance of rigid and flexible supports under different high nuclear heat levels is studied. Results show that flexible supports have more excellent performance in high nuclear heat condition than rigid supports. Concerning thermal and electromagnetic (EM) loads, optimized results further prove that flexible supports have better mechanical performance than rigid ones. Through these studies, reasonable support design can be provided for the ELM coils or similar coils in Tokamak based on the nuclear heat level.
Design of Tokamak ELM Coil Support in High Nuclear Heat Environment

Introduction
In-vessel coils (IVCs) for MHD control in tokamak consist of "picture frame" edge localized modes (ELM) coils and toroidal ring vertical stabilization (VS) coils. The ELM coils are used to mitigate or suppress ELM and the VS coils provide fast vertical stabilization for the plasma [1−8] . The ITER ELM coils consist of nine toroidal sectors of three (upper, midplane, and lower) 6-turn rectangular "picture frame" coils mounted on the vacuum vessel (VV), as shown in Fig. 1 [9] . These coils are close to the plasma and are thus subject to high loads of radiation, high temperature and high magnetic field. These coils shall have sufficient strength, high heat transfer performance to avoid high thermal stress, and excellent fatigue property to transport and bear the alternative electromagnetic (EM) force arising from the magnetic field caused by toroidal field coils and poloidal field coils. Because these coils have the feature of "picture frame", the expansion of toroidal leg produces expansion displacement to poloidal leg, vice versa. Therefore the supports of these coils are designed and analyzed to validate the strength and the flexibility to allow the thermal expansion under conservative assumption. According to the feature of ITER ELM coils, the mechanics performance of rigid and flexible support under different high nuclear heat levels is studied. Concerning thermal and EM loads, the rigid and flexible supports are compared in terms of static stress. Through these studies, reasonable support design can be achieved for the ELM coils or similar coils in tokamak based on the nuclear heat level [10, 11] .
Design description
The ELM coils consist of Inconel Jacket Mineral Insulated Conductors (IMIC), joints, supports, washers, rails and bolts, as shown in Figs. 1 and 2 . IMIC is fabricated from a water-cooled CuCrZr conductor with compacted MgO ceramic powder insulation and an inconel625 jacket. This arrangement provides a convenient way of removing both the nuclear heat deposited in the coil from the plasma and Ohmic heat generated in the conductor. The coil joint connects IMIC and uses the same materials as IMIC. IMIC is supported by a rigid support, which includes the spine and clamp. The jacket, spine and clamp are brazed together and the spine and clamp are welded together. The clamp, washer and rail are connected by bolts. The rail is welded on the inner face of the VV. The support uses inconel625 and the bolt uses inconel718 for higher strength. Washer and rail use SS316L to be consistent with the vacuum vessel. 
ELM loads
ELM loads include thermal loads, EM loads, gravity, water pressure and seismic load. Thermal load includes the water cooling, Ohmic heat produced by the conductor, nuclear heat from the plasma, VV temperature, heat radiation from the surrounding components. EM loads are generated during the normal and disruption scenarios. In order to obtain the maximum EM load in these scenarios, such as vertical displacement events (VDE) and major disruptions (MD), electromagnetic analysis must be performed. Since the ELM normal operating load has a frequency, it drives the design to concern about fatigue. To avoid these coils being damaged, verification of these coils in the disruption events will be added in the final analysis. The gravity, water pressure and seismic load are significantly smaller than the EM load during normal and disruption conditions, but for completeness they will be added in the global model for the ELM coil. In the following study, the nuclear heat is mainly considered and EM load is included in the verification.
4 Nuclear heat effect on rigid supports
Thermal analysis
Through the previous work, the worst work condition includes only temperature and nuclear heat, so the thermal settings in the analysis model is shown in Fig. 3 , constant temperature 110
• C of the vacuum vessel is applied on the bottom of the rails and 6 kinds of temperatures are applied on the conductor inner surface. The nuclear heat generation is applied on the model with an attenuation functions [12, 13] :
where P (W) is the nuclear heat power, e is the natural logarithm, x(m) is the depth from the top of the coil towards the bottom. Thermal analysis is performed to calculate the temperature distribution, and the peak temperature vs. nuclear heat is shown in Fig. 4 . With increasing nuclear heat, the peak temperature of the model rises linearly. 
Static structural analysis
The structural boundary condition includes thermal load from the thermal analysis, reference temperature and displacement. The thermal load extracted from the thermal analysis is applied on the structural model. The reference temperature is 20
• C. VV displacement of 0 mm is applied on the bottom of the rail. The expansion displacement is applied on the inner face of the conductor in the x direction of Cartesian coordinate, which is calculated on the basis of nuclear heat, as shown in Fig. 5 , the thermal expansion can be known by the following equations:
where ∆l T (m) is the expansion displacement of the ELM coil, l(m) is the length of the ELM coil, A(m 2 )
is cross-sectional area, ∆T (K) is the temperature increment of the expanded ELM coil, α (K −1 ) is the coefficient of thermal expansion, Q nu (W) is the nuclear heat, p(W/m 3 ) is the volumetric nuclear heat generation, A(m 2 ) is cross-sectional area of the ELM coil, C(J/(kg·K)) is the heat capacity of material of the ELM coil, m(kg) is the mass of the ELM coil. According to Eqs. (2) and (3), when α, l, A, C and m are determined, there is a positive correlation between ∆l T and p. Hence, different nuclear heat levels lead to different expansion displacements for the support. Through applying different nuclear heat and different expansion displacement on the model, the peak stress vs. expansion displacement is shown in Fig. 6 . The peak stress increases when the nuclear heat is applied on the model and the expansion displacement increases due to nuclear heat on the other side of the ELM coil. When the expansion displacement exceeds 0.4 mm, the rigid support should have more flexibility to allow for more expansion displacement to reduce the thermal stress. That is, the rigid support cannot work in the high nuclear heat condition and the flexible support should be adopted in the design. 
Nuclear heat effect on flexible supports
In order to make the coil support more flexible, different flexible supports are first proposed and then optimization is performed. Through screening verification, better and better flexible supports are obtained, and finally the best is achieved.
Different flexible supports
Concerning the design space room, three different flexible supports are designed, as shown in Fig. 7 .
These supports just have different combs. According to Hooke's law [14] , support 3 is more flexible than the others, so it is selected to study.
The thermal boundary includes the nuclear heat of P = 2.5 × 10
6 × e −x/0.14 W, VV temperature of 110 • C and turn temperature, as shown in Fig. 3 . The structural boundary include temperature of the model, reference temperature of 20
• C, VV displacement of 0 mm and expansion displacement of 0.4 mm. Then the temperature and stress distributions are obtained, as depicted in Fig. 8 . The peak temperature of 747
• C occurs in the middle comb because it is far away from the cooling water and has high thermal resistance. The peak thermal stress of 1060 MPa occurs at the top of elliptical hole which is near the top of the support, but the stress on the two lower elliptical holes is lower than that on the top hole, so lowering the top hole may reduce the thermal stress on the hole. 
Optimization of the flexible support
As shown in Fig. 9 , support 4 is obtained by lowering the top hole. Through calculation, the peak stress is 814 MPa, which is lower than that of support 3. The high stress may be produced by insufficient cooling, so support 5 is proposed by increasing the cooling contact, as shown in Fig. 9 . The result shows that the peak stress of 1190 MPa on the hole becomes much higher than that on support 4. Lowering the holes is used again and support 6 is thus obtained. The peak stress is 778 MPa, lower than that on supports 4 and 5, which still occurs on the top hole. Support 7 is obtained by continuously lowering the top hole, as depicted in Fig. 9 . The peak stress on the hole is 387 MPa, much lower than that on support 6. To reduce the nuclear heat, support 8 is obtained by removing some materials. The peak stress on the hole is 375 MPa, lower than that on support 7. In the end, the optimized support 8 is used as the basic flexible support for further study. 
Flexible support under nuclear heat
Using the same thermal and structural boundary condition for flexible support 8, the peak temperature vs. nuclear heat and the peak stress vs. expansion displacement are respectively shown in Figs. 10 and 11. With increasing nuclear heat, the peak temperature of the model rises linearly and the peak temperature is twice that of the rigid support under the same condition. The peak stress increase when the nuclear heat is applied on the model, which basically cannot change the expansion displacement. Compared with the rigid support, the flexible support can be used under high levels of radiation. 
Comparison between rigid and flexible supports
In order to prove that flexible support is better than rigid support in high nuclear heat environment. The thermal load and EM load are included. The nuclear heat of P = 2.5 × 10
6 × e −x/0.14 W, VV temperature of 110
• C and the expansion displacement of 0.4 mm are conidered. The turn temperature is show in Fig. 3 . The structural boundary includes temperature of the model, reference temperature of 20
• C, VV displacement of 0 mm, the background magnetic field intensity of 4 T in the Z direction and the peak AC current of 15 kA. As depicted in Fig. 12 , "Th" means thermal load, "EM" means electromagnetic (EM) load, "+/−" means the +/− z direction of EM force under the cartesian coordinate system, and the peak stresses of flexible support are lower than that of rigid support in response to thermal and EM loads. These results further prove that flexible support has better mechanical performance under high level of radiation. The impact of high nuclear heat load on the rigid support is studied. Results show that rigid support has high thermal stress under high level of radiation, and thus flexible support is suggested. Three different flexible supports are proposed, and the better flexible support 3 is selected and optimized. Optimization shows that flexible support 8 is the best design, which has lower thermal stress than rigid support under high levels of radiation. Concerning thermal and EM loads, optimized results further prove that flexible support has better mechanical performance than rigid support. Through these studies, reasonable support design is achieved for ELM coils based on the nuclear heat level. The rigid support is easy to manufacture and suitable for low nuclear heat. Although the flexible support is difficult to manufacture and costs more, it is suggested to be used under high nuclear heat condition. Further efforts will focus on the application of rigid and flexible supports in ELM coils or similar coils.
